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The kidney of chicken adapts to chronic metabolic acidosis: In vivo and
in vitro studies. Renal adaptation to chronic metabolic acidosis was
studied in Arbor Acre hens receiving ammonium chloride by stomach
tube 0.75 g/kg/day during 6 days. During a 14-day study, it was shown
that the animals could excrete as much as 60% of the acid load during
ammonium chloride administration. At the same time urate excretion
fell markedly but the renal contribution to urate excretion (14%) did not
change. During acidosis, blood glutamine increased twofold and the
tissue concentration of glutamine rose in both liver and kidney. Infusion
of L-glutamine led to increased ammonia excretion and more so in
acidotic animals. Glutaminase I, glutamate dehydrogenase, alanine
aminotransferase (GPT), and malic enzyme activities increased in the
kidney during acidosis but phosphoenolpyruvate carboxykinase(PEPCK) activity did not change. Glutaminase I was not found in the
liver, but hepatic glutamine synthetase rose markedly during acidosis.
Glutamine synthetase was not found in the kidney. Renal tubules
incubated with glutamine and alanine were ammoniagenic and gluco-
neogenic to the same degree as rat tubules with the same increments in
acidosis. Lactate was gluconeogenic without increment during acidosis.
The present study indicates that the avian kidney adapts to chronic
metabolic acidosis with similarities and differences when compared to
dog and rat. Glutamine originating from the liver appears to be the
major ammoniagenic substrate. Our data also support the hypothesis
that hepatic urate synthesis is decreased during acidosis.
Le rein de poulet s'adapte a I'acidose metabolique chronique: Etudes in
vivo et in vitro. L'adaptation rénale a l'acidose metabolique chronique a
été étudiée chez des poulets Arbor Acre recevant 0,75 g/kg/j pendant 6
jours de chlorure d'ammonium par une sonde gastrique. Sur l4jours, ii
a été montré que les animaux pouvaient excréter jusqu'à 60% de Ia
charge acide pendant l'administration du chiorure d'ammonium. En
méme temps, l'excrétion d'urates s'abaissait de facon marquee bien que
Ia contribution du rein a l'excrétion d'urates (14%) n'ait pas change.
Pendant l'acidose, Ia glutaminemie a double et Ia concentration tissu-
laire de glutamine a augmenté dans Ic foie et Ic rein. La perfusion de L-
glutamine a augmente l'excrétion d'ammoniaque surtout chez les
animaux acidotiques. Les activités glutaminase I, glutamate deshydro-
genase, alanine aminotransférase (GPT) et celle de l'enzyme malique se
sont élevCes dans le rein pendant l'acidose alors que l'activité phospho-
enolpyruvate carboxykinase (PEPCK) ne s'est pas modifiée. Pendant
l'acidose, ii na pas étb trouvb de glutaminase I dans Ic foie, mais Ia
glutamine synthetase hepatique s'est considérablement Clevée. 11 n'a
pas été trouvé de glutamine synthetase dans Ic rein. Des tubules rénaux
incubés avec de la glutamine et de l'alanine étaient capables d'ammo-
niogenése et de neoglucogenese avec Ia même intensité que des tubules
de rat avec une acidose identique. Le lactate était neoglucogenique sans
augmentation au cours de I'acidose. Cette étude indique que Ic rein
aviaire s'adapte a l'acidose metabolique chronique avec des similitudes
et des differences par rapport au chien ou au rat. La glutamine
provenant du foie parait être Ic principal substrat ammoniogène. Nos
donnCes confirment Cgalement l'hypothese que Ia synthese hdpatique
d'urates est diminuéc au cours de l'acidosc.
Renal adaptation to chronic metabolic acidosis has been well
studied in man [1], dog [2], and rat [3]. It is characterized by
increased ammoniagenesis with augmented extraction of gluta-
mine by the kidney and accelerated excretion of titratable acid
[1—4]. Increased renal gluconeogenesis can also be demonstrat-
ed in vitro with substrates such as glutamine and glutamate [5,
6]. In the rat, in contrast to the dog [7], this adaptation is
accompanied by increased activity in the kidney of such en-
zymes as glutaminase I [3, 4], glutamate dehydrogenase [71 and
phosphoenolpyruvate carboxykinase (PEPCK) [8, 9]. Little is
known about renal adaptation to chronic acidosis in birds.
Minkowski in 1886 [10], Kowalesky and Salaskin in 1902 [11],
and Milroy in 1904 [12] noted that the administration of hydro-
chloric acid to geese and ducks led to increased excretion of
ammonia and decreased excretion of urate in the urine. Milroy
[12] proposed that acids affect synthesis of urate in the liver. In
1955, Wolbach induced acute metabolic acidosis in hens by
infusing 0.15 M hydrochloric acid [13]. He demonstrated a fall in
urinary pH and a rise in excretion of ammonia and titratable
acid [13]. Carbonic anhydrase inhibition by acetazolamide
reversed these changes [13]. Injections of L-alanine, L-leucine,
and glycine resulted in increased ammonia excretion [13]. In
1978, O'Donovan induced chronic metabolic acidosis with
ammonium chloride in chickens [14]. He demonstrated a signifi-
cant increase in urinary excretion of ammonia with an incre-
ment in the activity of kidney glutaminase I.
Birds represent an important class of vertebrates in the
animal kingdom. Their nitrogen balance is insured by the
excretion of uric acid in preference to ammonia. The present
study was undertaken to study in detail the effect of chronic
metabolic acidosis on adaptive changes in the kidney of chick-
ens. Therefore, ammonia and urate excretion, the effect of
glutamine infusion, the activity of various renal enzymes, renal
tissue metabolite profile, and the metabolism of cortical tubules
were studied. Our data demonstrate that the kidney of chicken
adapts to chronic metabolic acidosis.
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Methods
One hundred and twenty-two Arbor Acre chickens, weighing
2.0 to 2.7 kg, were used in the following experiments. They
were fed Purina® bird chow (Bio Growena 2). Chronic metabol-
ic acidosis was induced in 71 animals by the administration of
ammonium chloride 0.75 g/kg/day through a stomach tube
during 6 days.
Daily excretion of ammonia and uric acid. In birds, urine and
feces are excreted from the cloacal chamber. The excreta of
three chickens were collected daily (24 hr) and weighed before
(3 days), during (6 days), and after (5 days) ammonium chloride
administration; each experiment lasted 14 days. The excreta
were dissolved rapidly in water, and a sample was taken for
determination of ammonia. Saturated lithium carbonate
(Li2CO3, pH 11.6) was then added. The mixture was stirred
during 8 hr to dissolve all urate, A sample was taken to measure
uric acid. In three other animals, GFR and renal blood flow
were determined daily, before and during the 6 days of ammoni-
urn chloride, by single injection isotope disappearance curve
using technetium 99 DTPA (diethylene triarnine penta-acetic
acid) tin chelate [15] and '4C-inulin for glomerular filtration and
311-hippuran for renal blood flow [161.
A separate group of seven chickens was made acidotic. The
animals fasted with free access to water during the 5 days
following ammonium chloride administration. All animals sur-
vived. Their arterial blood acid-base status was reevaluated at
the end of these 5 days. In these animals, excreta were not
collected.
Clearance experiments. These experiments were designed
primarily to study acutely renal excretion of ammonia and uric
acid. Unanesthetized birds (nine normal, eight acidotic) were
restrained with outspread wings and heads covered. The ani-
mals were infused with a mixture of half isotonic sodium
chloride and half 5% mannitol through a catheter installed in the
wing vein. Heparinized blood samples were taken from a
polyethylene cannula similarly inserted in the wing artery. Each
ureter was catheterized after the onset of diuresis and fluidiza-
tion of urine. The catheters were tied securely to the cloacal
mucosa to avoid leakage, and urine samples were collected for
100 mm in 20-mm periods. All catheterizations were made
under local anesthesia with xylocaine. Glomerular filtration and
renal plasma flow were estimated by measuring 4C-inulin and
PAH clearances. There were no significant differences in the
values found during each period between the right and left
kidneys. In three additional chickens, the ureters were catheter-
ized on the day before and on the third day of ammonium
chloride administration to measure sequential changes in renal
hemodynamics.
Glutamine infusion. L-glutamine (BDH Chemicals Ltd.,
Poole, England) was infused intravenously at the rate of 0.05
mmole/kg/min for 100 mm in 12 unanesthetized chickens (six
normal and six acidotic). Urine samples were collected every 20
mm to measure ammonia excretion. Because glutamine was
infused in saline in addition to the infusion of the usual mixture
of saline and mannitol through another vein, three experiments
with acidotic animals were also performed with saline in the
absence of glutamine to eliminate any effect of saline on
ammonia excretion.
Renal and hepatic enzyme activities, In nine normal and 12
acidotic animals, the kidneys and liver were removed rapidly
following general anesthesia with pentobarbital (30 mg/kg)
administered intravenously. Tissues were homogenized in ice-
cold sucrose phosphate buffer (pH 7.4) containing 1 mivt dithio-
threitol (8 ml buffer per gram tissue). The activities of glutamin-
ase I [17], glutamate dehydrogenase [18], lactate dehydrogenase
[19], glutamine synthetase [20—22], phosphoenolpyruvate car-
boxykinase (PEPCK) by the forward and backward reactions
[23—25], alanine aminotransferase (GPT) [26, 271, malic enzyme
[28] and D- and L-amino acid oxidase [29, 30] were measured in
kidney cortex, liver, and their subcellular fractions [31]. All
activities were measured at 37°C with the exception of GPT and
malic enzyme (25°C). The results were expressed in micromoles
of metabolite produced or utilized per minute per gram of fresh
tissue. They were calculated using the linear portions of the
assay curves with respect to time and amount of added tissue.
Renal metabolite profile. The renal metabolite profile was
studied in 12 normal and 11 acidotic animals using the freeze-
clamp technique of Wollenberger, Ristau, and Schoffa [321. The
following intermediates were measured according to techniques
previously reported from this laboratory [33]: glutamine, gluta-
mate, alpha-ketoglutarate, malate, oxaloacetate (calculated),
phosphoenolpyruvate, 2-phosphoglycerate, 3-phosphoglycer-
ate, glucose-6-phosphate, lactate, pyruvate, citrate, alanine,
aspartate, beta-hydroxybutyrate, acetoacetate, ATP, ADP,
AMP, and inorganic phosphorus. The NAD/NADH values for
lactate dehydrogenase, beta-hydroxybutyrate dehydrogenase,
and glutamate dehydrogenase were calculated according to
Krebs and Veech [34]. We also calculated the apparent equilib-
rium constant for aspartate aminotransferase (K(;oT) and ala-
nine aminotransferase (KGPT).
In vitro studies with renal cortical tubules. Cortical kidney
tubules were prepared according to the technique of Guder et al
[35] in a manner previously described [36]. Thirty milligrams of
tubules were incubated during 60 mm in 4 ml containing 2.5% w/
v dialyzed albumin in Krebs-Henseleit solution at pH 7.40 and
37°C in the presence of L-glutamine, L-alanine, and L-lactate I
and 5 mM. Zero time values with or without substrate were
obtained for each experiment. Net uptake or production was
taken as the difference between the products measured at zero
time and alter incubation.
Renal synthesis and excretion of uric acid. During the
clearance experiments, the contribution of nephrogenic to total
urinary urate was estimated by the method of Chin and Quebbe-
mann [37] using 2-'4C-urate infused at 0.15 p.Ci/min. This
procedure involves comparison of specific activity of uric acid
in arterial plasma and urine to establish the specific activity
ratio (SAR) [371. Total plasma and urinary urate were measured
by the method of BrOwn [38] which gives values similar to the
uricase technique [39]. Radioactivity was calculated as DPM by
the external standard procedure [40].
Analytical methods. Other methods (blood and urinary acid-
base parameters) used in the present study were reported
previously [41]. Titratable acid was also calculated [421 using a
PKa of 6.80 for phosphate and 5.75 for uric acid.
Statistical analysis. The Student t test for unpaired data was
performed for all studies. A P value of less than 0.05 was
considered significant. Results are presented as the means
SEM.
Results
Daily excretion of ammonia and uric acid. During ammonium
chloride acidosis, daily ammonium excretion rose markedly
reaching 60% of the administered acid load (Fig. 1). Ammonium
excretion remained elevated during I day following ammonium
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chloride and returned near control values on day 2 (Fig. I).
During these experiments, plasma bicarbonate fell from 23.0
1.0 (pH 7.55) to 8.7 1.5 mrvi (pH 7.17) during ammonium
chloride and returned to 22.3 2.1 mrvi (pH 7.52) within 48 hr
after cessation of ammonium chloride.
Uric acid excretion showed an opposite pattern to that of
ammonia with a marked fall during ammonium chloride and a
gradual return to control values following cessation (Fig. 1).
In these experiments, glomerular filtration and renal blood
flow measured by single injection disappearance curve of
isotopes remained unchanged. Identical values were obtained
for glomerular filtration with Tc99-DTPA and '4C-inulin. It is of
interest that prior to ammonium chloride. GFR averaged 5.2
0.3 mI/mm and RBF 72 4.7 mI/mm per kidney. The values are
four and three times higher than those observed during clear-
ance experiments involving ureteral catheterization.
In the separate group of seven chickens given ammonium
chloride, plasma bicarbonate fell from 24.4 1.8 to 12.1 0.7
mM. At the end of the 5-day fast following ammonium chloride
administration, plasma bicarbonate had risen to 22.5 1.7 mr'i.
Clearance experiments. During acidosis, blood glutamine
almost doubled while glutamate remained unchanged as well as
whole-blood ammonia (Table 1). Serum lactate fell while pyru-
vate remained unchanged. Both alanine and aspartate rose.
Serum urate did not vary. Inorganic phosphorus (P1) rose
slightly but significantly. Serum potassium increased by 1.3
mEq/liter, a change attributable to the severity of acidosis
(Table 1).
Renal hemodynamics are included in Table 2. It can be seen
that with ureteral catheterization, chronic acidosis induced a
severe fall in GFR and renal plasma flow. In the animals in
pH 7.45 0.02 717 0.05'
PaCO2, mm Hg 29 1 26 1
Bicarbonate ion, mmoles/liter 19.6 0.8 9.8 1.2h
Sodium, mEqiliter 147 1 144 3
Potassium, mEqiliter 4.0 0.1 5.3 0.5"
P, mmoleslliter 1.5 0.1 1.9 0.1"
Glutamine, p.moies/liter 278 28 502 36"
Glutamate, pmoles/liter 266 24 242 34
Ammonium, p.moles/liter 289 28 240 87
Lactate, ,smoleslliter 2181 235 1404 233"
Pyruvate, ,amoles/liter 250 37 230 98
Alanine, molesIliter 390 53 632 52b
Aspartate, 1u.moleslliter 57 5 88 9b
Uric acid, j.smoles/liter 381 42 351 65
which renal hemodynamics were measured on day 3 of ammoni-
um chloride, glomerular filtration and renal blood flow had
already fallen by 50%. The differences observed between these
animals and uncatheterized ones suggest that ureteral catheter-
ization in the chicken may induce acute vascular changes that
markedly affect renal hemodynamics during acidosis.
During these experiments, urinary pH was lower in acidotic
animals (Table 2). Bicarbonate was absent from the urine while
ammonium excretion almost doubled. Titratable acid was
slightly lower without change in phosphate excretion. Uric acid
excretion was markedly lower in the acidotic animals, When the
contribution of uric acid and phosphate was calculated [421
using a pK5 of 5.75 for uric acid and 6.80 for phosphate, it was
found that uric acid contributed 75% of total titratable acid
excretion. The same was true in acidosis (Table 2). Net acid
excretion expressed as the sum of ammonium plus titratable
acid minus bicarbonate was three times higher in acidotic
animals.
Glutamine infusion. The effect of L-glutamine infusion on
urinary ammonia excretion is shown in Figure 2. During the
control period where an isosmotic mixture of saline and manni-
to! was infused, the rate of excretion of ammonia by the right
kidney was higher in acidotic than in normal chickens. During
glutamine infusion, ammonia excretion rose progressively both
in control and acidotic animals, the latter showing a greater
excretion than the former despite the fall in renal hemodynam-
ics. As shown in Figure 3, blood glutamine concentration rose
from 0.26 0.02 to 3.83 0.03 m in normal animals while in
the acidotic chickens it rose from 0.51 0.07 to 5.53 0.06mM
after 100 mm of infusion. At that time, however, the glutamine
load delivered to the kidney was 85.6 smoles/min in normal
chickens and 65.3 in acidotic animals. One hour after the onset
of infusion, glutamine 208 73 mmoles/min appeared in the
urine of normal chickens versus 942 196 in the acidotic
animals despite reduced GFR. Therefore, the rise in blood
glutamine in acidosis was not influenced by the fall in GFR.
Renal and hepatic enzyme activities. Renal and hepatic
enzyme activities are presented in Tables 3 and 4. Glutaminase
I activity rose significantly (by 57%) in the acidotic kidney.
Glutaminase I activity could not be detected in the liver.
Glutamate dehydrogenase rose markedly during acidosis in
Table 1. Arterial blood and plasma values
—NH4CI I
Normal (N = 9) Acidotic (N = 8)a
4.
3.0
E
E
'O
c)
Ca
1'
0
10 100
.' 8 80
z60
r 4 40
.9
+0
2 20 "
0
Fig. 1. Daily uric acid and ammonium excretion during and after
ammonium chloride administration to chickens. The percentage of
ingested acid load excreted as ammonium ions is indicated by the
broken line.
Abbreviations are: N, number of animals; P1, inorganic phosphorus.
a Values at the end of ammonium chloride administration.
b Significantly different from normal (P < 0.05).
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Normal Acidotic(N=9) (N—8)
pH 6.72 0.14 5.88 0.14"
Ammonium ions, smoIes/min 1,52 0.38 2.91 0.52"
Titratable acid, jtmoles/min
Measured 1.94 0.61 1.33 0.26
Calculated total 1.79 0.51 1.30 0.22
Calculated with uric acid 1.30 0.51 0.97 0.25
Calculated with phosphate 0.49 0.15 0.33 0.05
Bicarbonate ion, moIesImin 1.8 0.4 0.2 0.1"
Net acid, pmoles/min 1.66 4.04
Sodium, pEqlmin 23.6 ÷ 4.8 26.3 5.0
Potassium, sEqImin 3.3 0.4 2.5 0.6
P, ismoles/min 0.59 0.09 0.58 0.11
Uric acid, .unoles/min 8.74 2.02 2.08 0.54"
GFR, mI/mm 1.4 0.5 0.4 0.04'
RBF, mI/mm 25.0 2.4 10.8 2.0"
Abbreviations are: N, number of animals; P,, inorganic phosphorus;
GFR, glomerular filtration rate; RBF, renal blood flow.
Significantly different from normal (P < 0.05).
both organs. Significant glutamine synthetase activity could not
be detected in the renal tissue of either normal or acidotic
chickens. In contrast, glutamine synthetase activity increased
almost twofold in the liver during acidosis. Phosphoenolpyr-
uvate carboxykinase activity measured by the forward (genera-
tion of phosphoenolpyruvate) or the backward (generation of
4C-oxalo-acctate) reactions showed no variation during acido.
sis either in the kidney or the liver. Lactate dehydrogenase did
not vary. Alanine aminotransferase (GPT) increased significant-
ly in the kidney during acidosis but was unchanged in the liver.
Malic enzyme activity also increased in the kidney during
acidosis but decreased in the liver. D- or L-alanine oxidase or
glycine oxidase was not found in the kidney or liver.
The distribution of enzyme activity in the cytosol and mito-
chondria was established using lactate dehydrogenase and
glutamate dehydrogenase as cytosolic and mitochondrial mark-
ers, respectively. Glutaminase I in the kidney was entirely
mitochondrial. Glutamine synthetase activity in the liver
showed bimodal distribution with mitochondrial predominance.
Renal PEPCK activity was found both in the cytosol and the
mitochondria while hepatic PEPCK was confined mainly to the
mitochondria (more than 80%). Alanine aminotransferase
(GPT) was found predominantly in kidney and liver mitochon-
dna. Malic enzyme was distributed evenly between cytosol and
mitochondria in the kidney while the hepatic enzyme was
predominant in the cytosol.
Renal inetabolite profile. Renal tissue glutamine rose signifi-
cantly in the acidotic chickens (Table 5). There was no change
in glutamate concentration but alpha-ketoglutarate fell signifi-
cantly. Malate was unchanged as well as oxaloacetate (calculat-
ed). No metabolite of the gluconeogenic pathway rose signifi-
cantly during acidosis. Lactate and pyruvate did not change.
Citrate fell only slightly. Alanine concentration fell dramatically
by 75% during acidosis while aspartate did not change. Beta-
hydroxybutyrate and acetoacetate did not change. ATP re-
mained constant, ADP fell slightly during acidosis while AMP
and inorganic phosphorus rose (Table 5).
Renal mitochondrial (HBDH and GLDH) and cytosolic
(LI)H) NAD/NADH did not change in any significant fashion
during acidosis. Apparent KGOT did not change but KGPT fell
eightfold (Table 5). Such a fall is related to the drop in tissue
alanine; the reaction alanine + a-kg pyruvate + glutamate
was shifted to the right.
In vitro studies with renal cortical tubules. L-glutamine and
L-alanine were equipotent ammoniagenic substrates while lac-
tate had no significant effect on endogenous ammonia produc-
tion (Table 6). All three substrates were gluconeogenic, but
lactate, and alanine were more efficient than glutamine. Renal
ammoniagenesis and gluconeogenesis were significantly higher
in acidotic than in normal animals when glutamine and alanine
were used as substrates (Table 6). In the case of lactate, glucose
production was identical in acidotic and normal chickens: it was
higher with 5 ms than 1 m lactate. Changes in ammonia or
glucose production were accompanied by a proportional in-
crease in substrate uptake. With 1 mr'vi glutamine, the ratio
ammonia produced/glutamine extracted was around 2.0 in both
normal and acidotic animals. The value fell to 1.0 at .5 mrmi
concentration. With I and 5 mrvt L-alanine the ratio ammonia
produced/alanine extracted remained around 1.0 (Table 6).
Renal synthesis and excretion of' uric acid. The specific
activity ratio (SAR) for 2-'4C-unic acid (urine/plasma) was
unchanged during acidosis, indicating that in both conditions
14% of the excreted urate was produced by the kidney (Table 7)
37j. Urate clearance decreascd markedly presumably in part
because of the reduction in renal hemodynamics. However,
when urate clearance was corrected for the fall of GFR (Cui
a 26% reduction in urate clearance was still observed.
Although this fall was not statistically significant (P > 0.05), it
could indicate that during metabolic acidosis the renal excretion
Table 2. Urinary values (right kidney) Acidotic
—
— -0- —— Normal
8 NaCI r L Glutamine
6
I
>
4
2 ,1'/
71
'2'
0 40 80 120 160
Time, rn/n
Fig. 2. Urinary excretion of' aminonium during infision of L-gluiamine
to normal and acidotic chickens.
of urate is actually reduced (Table 7) as shown in our 14-day
experiments.
Chronic metabolic acidosis in chicken 107
Discussion
The present study indicates that the kidney of the chicken
adapts to chronic metabolic acidosis. The daily excretion of
ammonia measured before, during, and after ammonium chlo-
ride administration in a total course of 14 days is quite reveal-
ing. During ammonium chloride, the birds excreted as much as
60% of the daily acid load in the form of ammonia. Such a
response is analogous to that observed in man [1] and dog [2].
Since ammonia excretion returned to near control values after
ammonium chloride ceased with full correction of acidosis,
there is no doubt concerning the importance of increased
ammoniagenesis and ammonia excretion in the defense against
acidosis. This view is supported further by the experiments in
which the chickens recovered from acidosis upon cessation of
ammonium chloride despite a 5-day fast. We realize that
ammonia excretion was measured on total excreta. The possi-
bility that some ammonium chloride escaped intestinal absorp-
tion should be considered. We feel however that this is unlikely
because ammonium chloride was given in readily absorbable
liquid form and total excreta consistency did not change.
Furthermore, our clearance experiments fully support our 14-
day studies.
In our clearance experiments, we demonstrated that during
acidosis, urinary pH falls and ammonia excretion rises despite
reduced renal hemodynamics. Titratable acid excretion did not
change, but this can be attributed to the fall in urate excretion.
GLDH H 109.8 + 5.5 218.3 20.3k
LDH H 316.7 11.8 316.7 20.1
Abbreviations are: GS, glutamine synthetase; PEPCK, phosphoenol-
pyruvate carboxykynase; GPT, alanine aminotransferase; GLDH, glu-
tamate dehydrogenase; LDH, lactate dehydrogenase; H, homogenate;
C, cytosol; M, mitochondria; N, nuclei; N, number of animals.
Enzyme activities are expressed as micromoles products per gram
wet weight per minute. All values were corrected for cross-contamina-
tion using LDH (cytosol) and GLDH (mitochondria) as compartment
markers.
b Significantly different from normal (P < 0.05).
The latter contributes to total titratable acid excretion in
chickens [13]. In the present study, urate contribution was 75%
and phosphate only 25%. Measured and calculated titratable
acid was not different.
In the 14-day experiments, we demonstrated that urate
excretion falls during acidosis in an inverse fashion to the rise in
ammonia excretion. This observation confirms those of Mm-
kowski in 1886, of Kowalesky and Salaskin in 1902, and of
Milroy in 1904: Since 1886, it has been proposed that hepatic
production of urate falls during acidosis [10—121. Our experi-
ments support this hypothesis since the fall in urate excretion
was not accompanied by a rise in plasma urate. It has been
shown in vitro that ammonium chloride may depress urate
synthesis by chicken hepatocytes at relatively high concentra-
Acidotic
-- NaCI L Glutamine -
Table 3. Renal enzyme activities
6
Normal Cell Normal Acidotic
Enzymes compartment (N = 9) (N = 12)
Glutaminase I
H 8.3 0.3 12.9 0.5"
C 0 0
M 8.1 1.2 12.4 0.8"
N 0 0
GS
H 0.2 0.05 0.2 0.03
C 0.2 0.05 0.3 0.06
M 0 0
N 0 0
PEPCK (forward)
H 12.1 1.6 11.5 1.3
C 4.2 0.7 2.6 0.5
M 6.8 ÷ 1.1 5.1 0.5
N 0 0
PEPCK (backward)
H 7.3 1.0 8.2 0.5
C 2.6 0.4 2.4 0.2
M
N
2.9 +
0
0.9 2.3 +
0
1.5
•
160
GPT
.
Fig. 3. Variations in arterial blood glutamine concentration
infusion ofL-glutamine to normal and acidotic chickens.
.during HC
M
2.2 ÷
0.2 +
1.5
0.5
0.1
0.4
13.0 ÷
1.4 +
8.7
2.9h
0.5"
2.3"
N 0 0
Malic enzyme
H 2.9 0.3 4.1 0.4"
C 1.3 0.2 2.3 0.4"
M 1.9 0.4 2.5 0.4
N 0.4± 0.1 0.2± 0.1
0-
40 8b
Time, mm
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H
C
M
N
H
C
M
N
H
C
M
N
H
C
M
N
0
0
0
0
8.3 0.8
8.0 ÷ 0.8
0
0
Metabolites
.uno1esIg wet wt
Glutamine
0 Glutamate
0 a-ketoglutarate0 Malate
0 Oxaloacetate (LDH)
Calculated, nmoleslg (GOT)
Phosphoenolpyruvate3.7' 2-phosphoglycerate
0.8 3-phosphoglycerate
0.6 Glucose-6-phosphate
0.9 Lactate
Pyruvate
Citrate
3.1 Alanine
0.9 Aspartate
1.2 B-hydroxybutyrate
Acetoacetate
ATP
ADP
AMP
28.0
3.7
14.3 +
0
tions (5 and 10 mM) [43]. Bccause birds are uricotelic animals,
the excretion of urate is a way of eliminating acid. During
metabolic acidosis, urate is replaced by ammonia as the princi.
pal acid and nitrogenic waste product and increased ammon-
iuria becomes the mechanism for protecting the avian organism
against acidosis and for correcting the latter when the stimulus
disappears. Although we report a striking fall in renal hemody-
namics during our clearance experiments which require ureteral
catheterization, no such fall was observed during ammonium
chloride using isotope plasma disappearance curve to measure
the same parameters. Under these circumstances, the fall in
urate excretion cannot be attributed to changes in glomerular
filtration or renal blood flow. It should be mentioned that the
protein consumption of birds may have decreased during am-
monium chloride administration. This in itself will affect hepatic
urate synthesis [44].
Because renal hemodynamics did not change during acidosis
when we used noninvasive techniques to measure glomerular
Pi
Calculated parameters
NAD/NADH LDH
NAD*/NADH HBDH
NAD/NADH GLDH
Normal(N - 12)
1.24 0.16
6.02 0.29
0.09 0.01
0.36 -4- 0.04
1.3!
2.32
0.05 -- 0.01
0.02 0.004
0.02 0.004
0.02 0.002
2.40 0.30
0.04 0.01
0.33 0.02
1.07 0.09
1.04 + 0.1!
0.80 024
0.13 * 0.01
1.00 + 0.12
2.20 0.12
0.78 0.12
7.92 0.50
131.49
3.30
5.37
Acidotic
(N= 11)
2.64 0.46h
5.49 0.28
0.04 0.Olb
0.41 0.02
1.39
0.96
0.05 + 0.01
0.04 0.004
0.04 0.01
0.02 0.001
2.29 0.22
0.03 -- 0.01
0.25 0.02
0.27 0.02h
0.88 0.07
0.54 0.19
0.19 0.02
1.02 + 0.20
1.59 0.15'
1.64 0.144-
9.64 0.50k
121.96
7.14
2.77
filtration and renal blood flow, we conclude that ureteral
catheterization per se reduces renal hemodynamics in the
chicken during acidosis. It is known that avian kidney may be
quite sensitive to various stimuli [45].
The basal arterial plasma glutamine concentration is much
lower in chicken than in man, dog, or rat [33, 46, 47]. However,
during chronic acidosis, plasma glutamine increases twofold in
contrast with these mammalian species. As in mammals, gluta-
mine may be the most important ammoniagenic substrate for
the chicken. Infusion of this amino acid in vivo causes an
increase in renal excretion of ammonia and this response is
greater in acidotic than in normal chickens suggesting increased
renal utilization of glutamine despite reduced hemodynamics.
The fact that plasma glutamine concentration rose to a higher
degree in acidotic chickens may be related to the higher initial
arterial glutamine concentration, increased hepatic synthesis,
smaller extrarenal utilization, diminished volume of distribu-
tion, or a combination of these factors.
We were surprised to find that glutaminase I is absent from
the chicken liver. Thus, in contrast to mammals, it is unlikely
that glutamine is catabolized by the liver. On the other hand,
the latter appears to be the major source of glutamine. The
significant increase in glutamine synthetase activity during
acidosis and the rise in hepatic tissue concentration (from 1.79
Table 4. Hepatic enzyme activities
Cell Normal Acidotic
Enzymea compartment (N = 9) (N = 12)
Table 5. Tissue metabolite profile of kidneya
33.2
5.6 -
12.7
1.2
Glutaminase I
GS
PEPCK (forward)
PEPCK (backward)
GPT
Malic enzyme
GLDH
LDH
18.1 1.5
3.9 ÷ 0.4
9.4± 1.0
2.2± 1.0
H 28.7 2.7
C 4.6± 1.1
M 19.3 ÷ 2.6
N 0
9.8 2.2
0.7 0.2
6.3 0.2
0.2 0.1
2.8 0.6
0.8 ÷ 0.3
1.8± 0.3
U
13.3
1.2
5.5
0.2
3.5
1.0
3.1 +
0
1.1
0.4
0.7
0.!
0.5
0.4
0.5
H
C
M
N
H
KCOT 11.82 4.61
KGPT 0.46 0.06
Abbreviations are: LDH, lactate dehydrogenase; HBDH, B-hydrox-
4.7 l.l ybutyrate dehydrogenase; GLDH, glutamate dehydrogenase; KanT,
4.3 I .04- equilibrium constant for aspartate aminotransferase; KOPT, equilibrium
0 constant for alanine aminotransferase; N, number of animals.
0 Values are means SEM expressed as micromoles per grams of wet
weight except for oxaloacetate (nanomoles).
441.1 ÷ 53.4 633.9 + 537t h Significantly different from normal (P < 0.05).
H 551.7 56.5 539.2 42.2
Abbreviations are listed in Table 3.
a Enzyme activities are expressed as micromoles of products per
gram wet weight per minute.
Significantly different from normal (P < 0.05).
Chronic metabolic acidosis in chicken 109
Table 6. Glucose and ammonia production by renal cortical tubules incubated with L-glutamine, L-alanine, and L-lactate
Table 7. Effect of chronic metabolic acidosis on renal synthesis and
excretion of uric acid (right kidney)
Normal
(N =8)
Acidotic
(N — 9)
C Urate
SAR mI/mm
Abbreviations: N, number of animals; SAR, specific activity ratio
(Urine/Plasma).
Significantly different from normal (P < 0.05).
0.27 to 2.70 0.47 moles/g wet wt) support this view. We
have demonstrated that the kidney of the chicken is devoid of
glutamine synthetase, a feature shared by man and dog [22].
Unlike that of mammals, the renal tissue concentration of
glutamine increased in the chicken during metabolic acidosis.
This probably relates to increased transport of glutamine which
may follow increased arterial concentration. In view of the
marked drop in GFR during acidosis in our clearance experi-
ments, it is reasonable to assume that antiluminal transport of
glutamine in the renal cell was increased.
It is of interest that glutaminase I and glutamate dehydrogen-
ase activities rose markedly in the kidney during metabolic
acidosis. This is similar to what is observed in the rat [3, 4, 7]
and explains our in vitro observations. We entertain the possi-
bility that the observed increase in renal malic enzyme activity
could lead to a parallel increment in glutamine oxidation [48].
The lack of change in renal tissue malate concentration in
acidotic chickens when renal utilization of glutamine is in-
creased without PEPCK changes may support such a
possibility.
It should be noted that despite an increased circulating
concentration of alanine, renal alanine concentration, in con-
trast to glutamine, fell during acidosis suggesting rapid utiliza-
tion of this amino acid. This is in conformity with the rise in
renal GPT activity. Alanine aminotransferase (GPT) system
could be viewed as a source of glutamate for ammoniagenesis.
D- and L-alanine amino oxidase, an enzyme that could account
for the drop in tissue alanine, was not detectable in the chicken
kidney or liver.
Renal tissue aipha-ketoglutarate concentration fell during
metabolic acidosis as in dogs [33] and rats [33]. This suggests
that the utilization of glutamine and alanine carbon skeleton is
increased during metabolic acidosis. It is significant that renal
tissue glutamate did not change. This could be related to
augmented transport of glutamine and deamidation through
increased glutaminase activity.
There was no change in phosphoenolpyruvate carboxykinase
activity in the chicken kidney during acidosis. The tissue
concentration of the gluconeogenic chain intermediates, includ-
ing 2-phosphoglycerate, 3-phosphoglycerate, glucose-6-phos-
phate, and phosphoenolpyruvate, did not change. Therefore, it
is unlikely that renal gluconeogenesis adapts in a primary
fashion in the chicken during acidosis. There is no doubt,
however, that the bird kidney is gluconeogenic. This is demon-
strated by our in vitro experiments with tubules where we show
that glutamine, alanine, and lactate are gluconeogenic. In
accordance with the renal metabolite profile, an increase in
gluconeogenesis during acidosis could not be demonstrated in
vitro when lactate was used as substrate, differing from the
observation with glutamine or alanine. During acidosis, the
latter substances are more readily transformed into oxaloace-
tate through increased flux in pregluconeogenic steps via in-
creased glutamate dehydrogenase and alanine aminotransferase
activity. On the other hand, lactate enters the gluconeogenic
Substrate
Initial Substrate uptake Glucose production
concentration m iimoles/g wet wt/hr jimoles/g wet wt/hr
1
5
1
5
42.2
140.4
77.2 -
175.5
5.6
13.4
2.2
6.8a
1
5
1
5
89.8
180.5
146.6 ÷
277.6
8.1
5.0
7.1"
17.9"
1
5
1
5
120.6 '-
264.9 +
114.8
248.7
7.2
21.5
5.8
14.6
L-glutamine
Normal
N= 4
Acidotic
N= 4
L-alanine
Normal
N=4
Acidotic
N—4
L-lactate
Normal
N—4
Acidotic
N= 4
No substrate
Normal
N= 3
Acidotic
N= 3
Abbreviation: N, number of animals.
Significantly different from normal (P < 0.05).
Ammonia production
Substrate uptake
2.3
1.0
2.3
1.3
1.0
0.7
1.0
1.1
20.7 1.0
26.2 0.3
36.1 1.3
46.7 1.4"
30.4 2.6
36.7 3.8
53.1 1.7"
72.1 + 4.0"
48.1 1.5
90.0 2.3
47.5 + 1.0
79.5 4.1
4.6 0.1
11.1 0.1"
pmoles/g wet nt/hr
97.0 8.7
145.5 ÷ 7.2
174.7 10.8"
222.6 6.4"
86.2 5.1
132.0 + 10.3
146.4 10.3"
301.8 17.3"
16.8 0.8
15.7 0.3
39.5 2.5'
46.7 7.1"
23.7 0.4
36.1 1.6"
0.86 0.03
0.86 0.09
16.1 2.0
3.4 0.7'
Cu, ate/C iculi,,
14.2 + 1.4
10.6 2.5
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pathway after these steps at the oxaloacetate level via pyruvate
carboxylase.
The PEPCK activity in the chicken is predominantly mito-
chondrial in the liver [491 whereas its distribution in the kidney
resembles that in the dog [50] in that it is found both in the
cytosol and mitochondria and does not adapt to chronic meta-
bolic acidosis. In the rat, renal PEPCK is predominantly
cytosolic [50] and adapts to acidosis.
Our experiments in vitro show that chicken renal tubules
have the same ammoniagenic and gluconeogenic capacities as
those of the rat [36]. With 1 m glutamine, the ratio ammonia
produced/glutamine extracted was around 2.0 in both normal
and acidotic animals indicating complete deamidation and
deamination of glutamine extracted. At 5 m the value fell to
1.0. This is not surprising since, at this concentration, the bulk
of ammonia generated comes from the deamidation of gluta-
mine [51]. The metabolism of alanine should provide only one
ammonia for each alanine extracted so that the ratio ammonia
produced/alanine extracted should remain around 1.0 as was
observed in the present experiments. In normal animals, lactate
had a depressing effect on endogenous ammonia production
[521. This effect did not take place in acidosis,
Chin and Quebbemann were the first to quantify the contribu-
tion of nephrogenic to total urinary urate in the chicken [37]. ln
this study, we demonstrated that metabolic acidosis does not
modify this contribution which remained at 14% of total urate
excretion. On the other hand, we confirmed the inverse rela-
tionship between ammonia excretion and urate excretion during
acidosis [121. Our work does not reveal conflict with the few but
interesting data available on this subject since 1886 [10—141.
To our knowledge, the present study provides the first
detailed analysis of the renal response to chronic metabolic
acidosis in birds. It does establish that the avian kidney adapts
to chronic metabolic acidosis as in the rat. There are, however,
major differences represented by the lack of increase in PEPCK
activity, the absence of glutamine synthetase, and the activa-
tion of alanine aminotransferase and malic enzyme. Similarities
with the dog lie in the fact that alanine aminotransferase is
present in the chicken kidney and that PEPCK activity does not
change during acidosis [33, 52].
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